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1 Introduction 


A lithium-assisted approach has been developed for the exfoliation of pristine 
graphite, which allows the large-scale preparation of few-layer graphene 
nanosheets. The process involves an unexpected physical insertion and exfoliation, 
and the graphene nanosheets prepared by this method reveal undisturbed 
sp*-hybridized structures. A possible two-step mechanism, which involves the 
negative charge being trapped around the edges of the graphite layers and a 
subsequent lithiation process, is proposed to explain the insertion of lithium 
inside the graphite interlayers. If necessary, the present exfoliation can be repeated 
and thinner (single or 2-3 layer) graphene can be achieved on a large scale. This 
simple process provides an efficient process for the exfoliation of pristine graphite, 
which might promote the future applications of graphene. 


challenge. To date, numerous methods have been 
developed to produce graphene nanosheets, such as 
mechanical exfoliation [1], reduction of graphene oxide 


Graphene, a single layer of carbon atoms in a 
honeycomb lattice, has been at the forefront of the 
scientific community since its discovery in 2004 [1—4]. 
It offers a number of fundamentally exceptional pro- 
perties that make it a promising material for a wide 
range of applications including electronic devices [5-8], 
transparent conductive films [9, 10], energy storage 
[11-14], and biosensors [15]. As the first step to realize 
these applications, however, the mass production 
of high-quality graphene nanosheets remains a great 


[16,17], liquid-phase exfoliation [18,19], chemical 
vapour deposition [20], epitaxial growth on SiC sub- 
strates [21], electrochemical exfoliation [22,23] and 
organic synthesis [24]. However, these synthetic 
methods usually lack one or more of the following 
attributes: (1) Products with undisturbed sp*-hybridized 
structures; (2)high throughput and low cost; 
(3) controllability over layer number, size and shape; 
(4) low energy consumption; and (5) mild processes. 
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Thus, many challenges remain and the foremost target 
is to develop the alternative methods for the large- 
scale synthesis of graphene nanosheets. 

Inspired by the electrochemical reactions of negative 
graphite electrodes in lithium ion batteries (LIBs), we 
believe that the exfoliation of lithium intercalated 
graphite can give rise to single- or few-layer graphene 
nanosheets. For example, Zhang et al. developed a 
universal lithiation process to fabricate single-layer 2D 
nanomaterials [25], which has potential significance 
to advance the fabrication of high-quality graphene 
nanosheets. However, in their work lithium inter- 
calation was performed in a test cell, where a Li foil 
anode and electrolyte were needed. The complexity 
of the electrochemical intercalation process and the 
limited throughput limit the applicability of this 
method. Herein, based on the lithium intercalation 
concept, we demonstrate a simple approach to pro- 
ducing ultrathin graphene nanosheets in large yield 
and with high quality by lithium-assisted exfoliation 
of bulk graphite minerals. 


2 Experimental 


Liquid ammonia was selected as the solvent since 
metallic lithium can be dissolved in anhydrous 
ammonia. The simple and reproducible exfoliation 
was performed as follow: Initial bulk graphite (30 mg) 
was added to a flame-dried 100 mL flat bottom flask. 
Liquid ammonia (about 60 mL) was then cooled and 
condensed into the flask, followed by addition of 
300 mg of lithium metal. The deep blue colored com- 
posites were magnetically stirred for 2h with the 
temperature maintained at about -33 °C by means of 
an acetone/dry ice bath. The bath was removed after 
2h and the reaction continued overnight with slow 
evaporation of ammonia. Then, 200 mL of dilute HCl 
solution was added into flask while mild sonication 
was applied. Finally, the black products were cleaned 
by filtration several times and finally dispersed in 
ethanol. After a slow centrifugation, the supernatant 
dispersion was collected for the further characterization. 
The resulting graphene nanosheets display a good 
stability of their dispersion in ethanol. The present 
exfoliation is easily reproducible and we believe that 
that thinner graphene nanosheets can be achieved. 


3 Results and discussion 


Liquid ammonia is an ionizing solvent. It can 
dissolve metallic lithium to form a deep blue solution, 
which is widely used for hydrogenation of aromatic 
hydrocarbons and various carbon allotropes [26-29]. 
In this work, we used this Li/liquid ammonia solution 
to synthesize a lithium intercalated graphite precursor 
in order to obtain few-layer graphene nanosheets on 
a large scale. The overall processes are illustrated in 
Fig. 1. The Li/liquid ammonia solution is a strong 
reducing agent and reacts with graphite to form the 
well-known [graphite anion] Li’ composites [30]. As 
a result, the graphene layers of the graphite become 
negatively charged and the van der Waals forces 
between the stacked graphene layers are overcome. 
More importantly, the charged points tend to occur 
around the defect sites of graphene interlayers, 
whilst maintaining the majority of the pristine sp? 
structure [31]. This means that the Li* ions are likely 
to aggregate at the edges of the graphite sheets, since 
the edges show much higher defect density. Such 
aggregation will expand the edges of the graphite 
layers and open a channel to facilitate the insertion of 
Li inside the graphite. When the liquid ammonia was 
evaporated slowly, as shown in Fig. S1 in the Electronic 
Supplementary Material (ESM), the color of the 
solution changed from blue to brilliant bronze due to 


Figure 1 Schematic illustration of the lithium-assisted exfoliation 
of bulk graphite minerals. 
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the increasing concentration. Meanwhile, the lithium 
intercalated graphite is formed spontaneously (Fig. 1(b)). 
The subsequent acid treatment allows the intercalated 
Li to react with HCI solution. The resulting release of 
H; is able to lead to exfoliation, which further unwraps 
the graphite layers and forces them apart (Fig. 1(c)). 
This exfoliation will completely destroy the pristine 
graphite stacking structure, finally affording graphene 
nanosheets (Fig. 1(d)). 

As revealed in Fig. 2, the starting bulk graphite 
showed a very disordered and irregular appearance 
with an average particle size of 150 um (Fig. 2(a)) and 
it was used as received. As shown in a representative 
Scanning Electron Microscope (SEM, JEOL JSM-7000F) 
image (Fig. 2(b)), the as-produced graphene showed a 
wrinkled morphology, which suggested that almost all 
the graphite powder had been exploded into pieces of 
soft graphene nanosheets. These graphene nanosheets 
were clearly observed without any charging problems. 
Figures 2(c) and S2 (in the ESM) reveal the individual 
nanosheets, which are spread on the substrate and 


have a wrinkled appearance. By mild sonication, these 
graphene nanosheets can be well dispersed in ethanol 
(Fig. 2(d)). Figure S3 (in the ESM) shows the graphite 
and graphene nanosheet suspensions, after being kept 
quiescent overnight. An obvious volume expansion is 
revealed, which demonstrates the exfoliation of the 
graphite. Moreover, the supernatant of the graphene 
suspension displays a typical Tyndall effect, suggesting 
the formation of stable graphene nanosheets. The 
exfoliation of the graphite can also be demonstrated 
by X-ray diffraction (XRD). As shown in Fig. S4 (in 
the ESM), the intensity of the sharp diffraction peak 
of graphite (20 = 26.5°, corresponding to the interlayer 
distance (0.336 nm)) decreased dramatically. No new 
diffraction peaks for graphene oxide or other im- 
purities appeared, indicating the exfoliation of graphite. 

Transmission Electron Microscope (TEM, JEOL 
JEM-2100) was then carried out to further identify and 
characterize the degree of exfoliation and quality of 
graphene. The TEM sample was prepared by directly 
dropping the supernatant of the graphene suspension 


Figure 2 SEM images of (a) bulk graphite, (b) as-produced graphene and (c) an individual graphene nanosheet. The entire image 


(b) consists of massive individual graphene nanosheets assembled into a flower-like structure with cavities, edges or wrinkles. (d) A 
photograph of a graphene nanosheet dispersion in ethanol. (e)-(g) TEM images and (inset and (i1)) HRTEM image of graphene 
nanosheets. (h) The SAED pattern originating from the marked area in (e). 
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in ethanol onto a Cu grid. In Figs. 2(e) and 2(f), large 
thin graphene sheets can be observed on the top of 
the Cu grid, where they resemble crumpled silk veil 
waves. The edges of the graphene sheets tend to scroll 
and fold, which is regarded as an intrinsic property 
of graphene. The graphene nanosheets are transparent 
and exhibit a very stable nature under electron beam. 
Since the suspended sheets always wrinkle, this offers 
a means to reveal the layer number of graphene by 
using high magnification TEM (HRTEM). As shown 
in Fig. 2(g). triple layers of graphene nanosheets were 
identified in the corrugated regions. Figure 2(i) exhibits 
a typical folded feature in the middle of a graphene 
nanosheet. As illustrated, four-layer graphene appears 
to be folded in the center. The planar lattice can be 
clearly resolved in the ordered crystal structure. The 
distinctive lattice structure reveals that the high-quality 
graphene sheets maintained their structural integrity 
without significant defects. The selected area electron 
diffraction (SAED) pattern confirms the hexagonal 2D 
crystal structure of our products. More graphene images 
and layer detail can be found in Fig. S5 (in the ESM). 

Figure 3 shows the Atomic Force Microscope (AFM, 
Agilent 5500) images of isolated graphene nanosheets 
which were prepared by spin coating from a dilute 
ethanol solution on freshly cleaved mica. The represen- 
tative image exhibits a lateral dimension ranging from 
several hundred nanometers to micrometers and a 
uniform thickness of ~1.1 nm, corresponding to 2-3 
layers of graphene. The AFM images confirm that the 
dispersion contains isolated graphene nanosheets with 
ultrathin thickness. 

Raman spectroscopy has historically played a 
significant role in characterizing carbon allotropes, 
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and is widely used in studying the defects in graphene 
nanosheets. The G peak located at ~1,580 cm~ and 2D 
(G’) peak at ~ 2,700 cm" arise from in-plane vibrations 
of sp* carbon atoms and second-order zone boundary 
phonons, respectively. The D band is stimulated 
by the first-order zone boundary phonons, which 
result from the presence of defects or edge effects of 
graphene [32]. The Raman spectrum of our pristine 
bulk graphite displays a weak D peak at 1,336 cm", 
a strong G peak at 1,582cm™, and a 2D peak at 
2,727 cm”. For the graphene nanosheets, an increased 
intensity of the D peak and the appearance of a new 
peak (at 1,610 cm) near the G band are observed. 
The new peak is denoted the D’ peak, and also arises 
from disorder (Fig. 4 inset). Our synthesis method 
does not remove carbon atoms from the graphene 
lattice [33]. Thus, the appearance of the D’ peak and 
the increased intensity of the D peak result mainly 
from functionalization of the graphene. Since the 
Raman excitation beam can cover a large number of 
graphene edges, we believe that the functionalization 
mainly occurs near the graphene edges. The lack of 
broadening G band also indicates that the disorder 
comes from the edges, rather than from structural 
defects within the graphene planes [34-36]. Figure 4(b) 
shows the Fourier transform infrared (FTIR) spectrum 
of the graphene nanosheets. The absorption bands near 
2,850 cm“ can be assigned to C-H stretching modes 
[37]. The presence of such C-H stretching modes, 
which are absent in the FTIR spectrum of pristine 
graphite, indicates the functionalization of graphene 
edge by hydrogen during the exfoliation process. 

The main reaction responsible for the hydrogenation 
of graphite in Li/liquid ammonia systems is the 


0.0 0.5 1.0 1.5 
Distance (um) 


Figure 3 (a) AFM images of the obtained graphene nanosheets with (b) the corresponding height profile of a line scan. 
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Figure 4 (a) Raman and (b) FTIR spectroscopy of the graphite and graphene nanosheets. 


reaction of reduced graphite with proton sources, 
which involves a single-electron transfer from the 
graphenide sheets to the proton source forming H 
radicals [38]. 
reactions lead to the hydrogenation of graphene. The 


Subsequent radical recombination 


key prerequisite for high efficiency of graphene 
hydrogenation is that the proton source should be 
slowly added. The presence of a low local concen- 
tration of hydrogen radicals ensures the hydrogenation 
of graphene rather than their recombination to afford 
H2. In our process, the rapid addition of HCI solution 
will quench the reaction rather than promote the 
hydrogenation of graphene. In addition, no other 
proton sources such as methanol, ethanol or tert- 
butyl alcohol are involved. Thus, we believe that the 
exfoliation is the dominant process, while the 
unavoidable adsorbed water molecules or the water 
molecules in air can cause a small amount of 
hydrogenation of graphene at the edge areas. 

To investigate the stability of the graphene nano- 
sheets, we performed thermogravimetric analysis and 
the results are shown in Fig. S6 (in the ESM). The 
graphene nanosheets show a slight weight loss up to 
700 °C in N, atmosphere. In air, the major mass loss 
took place above 500 °C while a slight mass loss in the 
temperature range 200-400 °C can also be observed. 
Generally speaking, a weight loss below 400 °C can 
be attributed to the release of adsorbed species such 
as alcohol and ammonia [39]. For our materials, the 
extra mass loss for graphene nanosheets in air below 
400°C can be attributed to the decomposition of 
graphene nanosheets at the defect areas, such as the 
edges and hydrogenated areas. These defect areas are 


more reactive than an undistorted graphene lattice, 
and react with O, at lower temperature. However, 
the combustion of graphene at about 550 °C is still the 
dominant process, which is consistent with hydro- 
genated area being very limited. 

It should be mentioned that it is well known that 
alkali metals form graphite intercalation compounds 
(GICs, such as KC;, CsCg) by mixing the molten alkali 
metals with graphite powder [40-42]. After the 
discovery of graphene, several groups attempted to 
prepare graphene by exfoliation of these GICs. How- 
ever, to the best of our knowledge, such methods 
only achieved the graphite nanoplatelets rather than 
single or few-layer graphene [43]. Comparing these 
previous studies with our lithium-assisted exfoliation, 
we suggest that the formation of [graphite anion]-Li* 
composites plays an important role in exfoliation 
since the negatively charged graphene layers can not 
only overcome the van der Waals’s interplanar binding 
force but also facilitate the lithiation process leading 
to graphite intercalation compounds. As a result, the 
exfoliation efficiency can be significantly improved. 

In order to gain a better understanding of the 
lithium-assisted exfoliation, a sodium-assisted exfo- 
liation experiment, where lithium was replaced by 
sodium, was also investigated. The obtained products 
show relatively large flakes and very thick features 
(see Fig. S7 in the ESM), which is indicative of a low 
exfoliation efficiency. The probable reason why 
intercalated graphite is more readily formed when Li 
is used as the intercalant is due to the large size of the 
sodium ion. Thus, the activation energy for sodium 
access should be much higher and the materials 


contain less intercalated sodium, resulting an incom- 
plete exfoliation. As a result, only graphene flakes 
could be obtained when sodium metal was used. 


4 Conclusions 


We have developed an effective and efficient method 
for the preparation of few-layer graphene nanosheets 
by lithium-assisted exfoliation of pristine graphite. 
The negatively charged graphene layers can not only 
overcome the van der Waals’s interplanar binding 
force, but also facilitate the insertion of lithium into 
the graphite. Our exfoliation involves a mild physical 
treatment which maintains the honeycomb lattice. If 
necessary, the exfoliation process can be repeated and 
thinner (single or 2-3 layer) graphene can be achieved. 
These results may be useful for industrial-scale gra- 
phene preparation, and might promote the applications 
of graphene. 
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